INTRODUCTION
Reorganization processes of liquids at interfaces have been studied extensively. The dynamic instabilities of thin liquid films induced by long range van der Waals interactions, i.e., spinodal dewetting, 1 for example, have been the subject of many studies theoretically 2-6 and experimentally. [7] [8] [9] [10] [11] Spinodal dewetting is characterized by the development of correlated fluctuations at the surface of a liquid film, ultimately leading to the disruption of the film and dewetting. In commercial applications, where film stability is crucial, this is unwanted. However, a controlled structure formation has potential for numerous applications. Miniaturization of these structures into the nanometer range is a desirable, albeit nontrivial, task.
A method to control structure formation at liquid/air interfaces, where electrostatic forces were used to induce an instability at the liquid/air surface of a thin film, was recently reported by Schäffer et al. 12, 13 Their calculations indicated that the instability exhibits a well defined lateral wavelength, which follows a power-law dependence as a function of the applied electric field. Experiments 12, 13 investigating thin liquid polymer films mounted between parallel capacitor plates with an air gap showed quantitative agreement between experimental data and predictions. A hexagonal array of cylinders spanning the gap between the two electrodes was found to develop. Similar observations were made by Chou and co-workers, 14, 15 however, under conditions where no external electric field was applied.
Here, the findings of Schäffer et al. 13 are extended to the more general case of a liquid bilayer confined between two solid electrodes. Qualitatively, good agreement is found between the experimental observation and the predictions of the extended theory. More generally, the model calculations show a means by which electrically induced instabilities can be used to tune the size scale of self-assembled morphologies from the micron to the submicron level. Figure 1 shows the typical sample configuration used in this study. Thin liquid films of polyisoprene ͑PI͒ and oligomeric styrene ͑OS͒ were spin coated from toluene solutions onto bare and gold-coated silicon wafers, respectively. The film thickness was 140 nm. For some experiments, a small air gap was left above the liquid to form liquid/air bilayers. In the remaining experiments, the air was replaced with a layer of oligomeric dimethylsiloxane ͑ODMS͒, thus forming a liquid/liquid bilayer. No solvent was used to deposit the ODMS layer. The overall thickness of the bilayer was nominally 1 m. Table I summarizes the physical constants of the liquid oligomers and polymers. The interfacial tension of OS/ODMS, OS/PI, and PI/ODMS are 6.1, 1.68, and 3.2 mN/m, respectively. 16 The last value was estimated from the segmental interaction parameters of different polymer pairs, which follow the order PS/PDMS Ͼ PI/PDMS Ͼ PI/PS . 17, 18 Thin rails of silicon oxide were evaporated on top of indium-tin-oxide ͑ITO͒-coated microscope slides ͑Delta Technologies͒, and these slides were mounted on top of the bilayer samples with the ITO and silicon oxide side facing downward, as shown in Fig. 1 tance between the substrate ͑Si wafer͒ and the upper boundary was thus controlled by the height of the evaporated spacers and was typically 1.08 m. The samples were placed under an optical microscope and a small voltage ͑Uϭ20 V for PI/air, PI/ODMS bilayer experiments and Uϭ50 V for OS/air, OS/ODMS bilayer experiments͒ was applied between the Si substrate ͑electrode 1͒ and the ITO layer ͑elec-trode 2͒. 19 As the ITO-coated substrates do not significantly absorb light in the visible range, this geometry permitted a direct observation of the temporal evolution of the thin liquid films in the electric field.
EXPERIMENT
In the first set of experiments, a layer of PI was placed between the electrodes, leaving an air gap of 940 nm. Similar to the experiments reported recently by Schäffer et al., 12 an amplification of fluctuations at the PI/air interface occurred, ultimately leading to the creation of an array of vertically standing PI columns. A typical image of this morphology can be seen in Fig. 2͑a͒ . The average distance between the center of two neighboring columns is ͗d cyl-cyl ͘ϭ47.4
The influence of changes in ⑀ and ␥ of the upper layer on the time and size scales of the evolving structures was investigated in the second set of experiments. Figure 2͑b͒ shows the final state of a PI/ODMS bilayer annealed at ambient conditions. A visual comparison of Figs. 2͑a͒ and 2͑b͒ shows a clear reduction in length scale, associated with the replacement of air by ODMS. The cylinder structures now exhibit a typical spacing of ͗d cyl-cyl ͘ϭ20.6Ϯ1.3 m. This spacing is about one half that observed in the single film experiments. The characteristic times for the growth of the cylinders were determined for both the single and bilayers cases by optical microscopic observations. The time required to produce the first observable features was taken as the characteristic time.
It is important to note that the time required to produce the cylindrical structures at the PI/ODMS interface was about 1 h, nearly 50 times faster than the time needed to produce the columns in the single film case. Additional experiments on OS/air and OS/ODMS bilayers showed essentially the same behavior, with ͗d cyl-cyl ͘ϭ12.7Ϯ2.8 m for OS/air and ͗d cyl-cyl ͘ϭ7.6Ϯ2.9 m of OS/ODMS.
DISCUSSION
The central finding of the experiments presented is a reduction of the length scale of dynamical instabilities induced by an electric field when the liquid/air interface is replaced by a liquid/liquid interface. A reasonable starting point for the discussion of the dynamical instability is the pressure distribution along the interface itself. Similarly to the case of a thin liquid film mounted between parallel capacitor plates leaving an air gap, 12 following previous work [20] [21] [22] the overall pressure at the interface can be written as
where p i is the pressure in medium i having thickness h i ; the second term is the Laplace pressure, arising from changes in FIG. 1 . Sketch of the sample geometry used in the experiments. A bilayer of two liquids is confined between two solid electrodes: a highly polished silicon wafer ͑lower electrode͒ and an ITO coated microscope slide ͑upper electrode͒. The distance between the two electrodes is controlled by the height of spacer structures ͑SiO͒ evaporated at the edges of the slides on top of the ITO. The temporal evolution of the confined samples under an applied electric field is studied by optical microscopy in the reflectance mode. interfacial energy contribution due to changes in the interfacial area, ⌬h is the local displacement of interface position, p el is the electrostatic pressure, and p dis is the disjoining pressure. Since h 1 and h 2 are large in these studies, p dis is negligible in comparison to p el and the Laplace pressure and, therefore, will be neglected. 23, 24 To evaluate Eq. ͑1͒ let the origin of the coordinate system be located at the interface between the liquid layers, such that at tϭ0 the interface is located zϭ0. The system is bounded at zϭh 1 and zϭh 2 (h 2 Ͻ0). Local changes in the thickness of the layers are given by ⌬h 1 ϭh 1 Ϫ⌬h and ⌬h 2 ϭ⌬hϪh 2 . Therefore, the electric field is given by
where U is the applied voltage and ⑀ i is the dielectric constant of medium i. For the initial stage of the instability, when the wavelength of the instability is much larger than ⌬h, the electrostatic pressure is
where ⑀ 0 is the permittivity in a vacuum. It should be noted that this scalar approximation of the electrostatic pressure holds only for the early stages of fluctuation growth, as treated within the framework of the linear instability analysis. Similar to the model calculations of Vrij, 25 Brochard et al.
3,4 and Schäffer et al., 12 ,13 a linear stability analysis, which assumes small height fluctuations at the liquid/liquid interface of the form ⌬h(x,t)ϭBe iqx e Ϫt/ , will yield the fastest growing mode of waves in the system. Here, q is the wave number, Ϫ1 is the growth rate, and B is the amplitude. The modulation of the interface gives rise to a pressure gradient, which induces a lateral flow J of material. The detailed flow behavior of the coupled system depends strongly on the ratio of the viscosities of the two liquids: 1 and 2 . 22 
Assuming two incompressible liquids coupled by the continuity equations
which show the relationship of flow within the two layers, a differential equation describing the dynamic response of the interface is obtained. In the linear approximation, the dispersion relation
is found where C() contains all terms involving viscosity, and is given by
The fastest growing wave number, corresponding to the maximum in Eq. ͑6͒, is given by
The fastest growing wavelength is found from max ϭ2/q max ϭ2ͱ
. ͑8b͒
The characteristic response time max is then given by
Consequently, max is proportional to ␥ 12 as would be expected. 27 If we wish to compare the liquid-liquid case to the liquid-air case presented previously, 12, 13 Eq. ͑9͒ can be rewritten in terms of the fastest growing wave number defined in Eq. ͑8a͒. By substitution we get
In the limit of 1 Ӷ 2, , the instability is dominated by the medium with the higher viscosity. In the case where 1 ϭ0, ⑀ 1 ϭ1, and ␥ 12 ϭ␥ ͑the surface tension of component 2͒, the equations reduce to the polymer/air case previously described by Schäffer et al. 12, 13 The model calculations presented describe only one specific case ͑comparable to the experimental conditions͒ but it should be noted that other, more general, theoretical developments have been published by others 20, 28, 29 that include cylindrical bilayer configurations, gravity contributions, convection effects, and interfacial charge effects.
A comparison of experimental results to theoretical values calculated from Eq. ͑8b͒ shows qualitatively good agreement. The model calculations yield max ϭ32.47 m for the PI/air interface and 17.27 m for the PI/ODMS interface, which can be compared to the experimental values of 47.4 and 20.6 m, respectively. While experimental values are slightly higher than those predicted, both theory and experiment show a reduction of the length scale by roughly a factor of 2. Also, for the OS/air and OS/ODMS experiments, the model calculations and experimental values agree reasonably well, giving values of max ϭ13.75 and 12.94 m, and 12.7 and 7.6 m, respectively.
The dependence of max on the dielectric constant difference between the liquids, i.e., ⌬⑀ϭ⑀ 1 Ϫ⑀ 2 , while keeping other variables constant, is shown in Fig. 3 ͑dashed line, left and top axis͒. max diverges at the point where the dielectric constants of the two media are equal, i.e., ⌬⑀ϭ0. This is understandable since the polarizabilities of the liquids are equal and the electric field does not exert any pressure on the liquid/liquid interface. By increasing the difference between two dielectric constants, a slow decay of the preferred wavelength is observed. However, decreasing max significantly is not possible by simply modifying the dielectric constant or increasing the applied voltage-keeping in mind that the static dielectric constants of typical materials range between 1 and 80, and that dielectric breakdown defines an upper limit for the applied voltage. The solid line ͑left and bottom axis͒ of Fig. 3 illustrates a simple route to achieve smaller sized structures. These results show the scaling of max as a function of the interface or surface tension. It is seen that max ϰͱ␥ 12 . A well-known strategy to reduce ␥ 12 is by the addition of a small amount of a diblock copolymer that segregates to the liquid/liquid interface. [30] [31] [32] Similarly one can achieve an effective reduction of the surface tension of a single layer by placing a surfactant at the liquid/air interface. Studies are underway to determine the minimum achievable max by this route.
One consequence of the reduction in max for the bilayer is the dramatic decrease in time required to amplify fluctuations. Intuitively, one would expect that the presence of the second viscous medium would slow the growth of fluctuations substantially. On the contrary, the opposite is found. Equation ͑10͒ relates the characteristic relaxation time max to C() a term containing the viscosities, max the characteristic wavelength, and ␥ 12 the interfacial tension. Consider now C() in terms of a viscosity ratio rϭ 1 / 2 . If h ϭh 1 ϭϪh 2 , i.e., the layer thicknesses are equal, and 2 ϭ, then
If rϭ0, i.e., 1 ϭ0 ͑thin film case͒ or 1 Ӷ 2 , then C() ϭ and max reduces to the result shown by Schäffer et al. 12, 13 for a thin film with air. In the opposite extreme, r ϭ1, i.e., 1 ϭ 2 ϭ, then C()ϭ8, representing an effective eightfold increase in the viscosity. Consequently, max would decrease by a small amount and max should increase by a factor of 8. The observation of the 50-fold reduction in the characteristic time is in disagreement with this, as seen just by looking at Eq. ͑9͒. If we compare instabilities with the same q vector, in going from the single layer to the bilayer case, C() increases and ␥ 12 decreases. From Eq. ͑10͒ it is seen that this should lead to an increase of max . For the case of ͑PI/ODMS͒, C() is increased by a factor of 1.01 and ␥ 12 decreases by a factor of 10, yielding a combined increase in of 14. Now, q increases by a factor of 1.9 or q 4 increases by a factor of 13.0. Together, these factors should cancel each other, meaning that the growth rate of the instabilities in the PI single layer and in the PI/PDMS double layers is approximately the same ͑ max ϭ0.27 h for the PI/air case and max ϭ0.22 h for the PI/ODMS case͒. However, the time at which features are observed in the bilayers case is nearly 50 times shorter than that seen in the single layer case. The exact origin of this discrepancy is not known at present. However, the arguments presented here are valid only for the early stages of growth. Late stage processes, which govern the formation of columns ͑the experimental observable͒, require a much more detailed analysis.
CONCLUSIONS
We have extended earlier studies of field-induced structure formation in single layer liquid films to include the more general case of a bilayer. Initial experiments show, consistent with an extended model, a reduction of the characteristic length scale of fluctuations at the liquid/liquid interface. However, a marked decrease in the time constant was found in contrast to the simple model. Calculations indicate that a further decrease in the size scale is possible by a reduction of interfacial tension between the two media.
